We have used an intensity modulated optical spectrometer, which measures the phase shift across tissue experienced by intensity modulated near-infrared lighc to determine the absolute optical pathlength fhrough tissue. The insrmment is portable and takes only 5 s to record pathlength at four wavelengths (690 nm, 744 nm, 807 nm and 832 nm). The absolute pathlength divided by the known spacing behveen the light sou= and detector on the skin is the differential pathlength factor (DPF) which previous SNdieS have shown is approximately constant for spacings greater than 2.5 cm. DPF results are presented for measurements on 100 adults and 35 newbom infants to determine the statistical variation on the DPF. All measurements were made at a frequency of 200 MHz with sourcedetector spacings of > 4 cm. Results at 807 nm show a DPF of4.16(i18.8%) for adult arm, 5.51(*18%) for adult leg, 6.26(i14.1%) for adult head and 4.99(59%) for the head of a newbom infant. A wavelength dependence was obtained for DPF on all tissues and a difference in DPF between male and female was observed for both the adult arm and leg. The results cm be used to improve the quantitation of chromophore concentration changes in adults and newbom infants.
Introduction
Near-infrared spectroscopy (NIRS) is now an established technique for the determination of changes in oxygenation and haemodynamics withiithe brain (Jobsis 1977 , Wyatt etal 1986 More recently, absolute quantitation of parameters such as blood flow, volume and average tissue haemoglobin saturation have been achieved edwards etal 1988, Wyatt e t d 1990a, Elwell et al 1994) . The NIRS technique relies on the application of a modified Beer-Lambert law to measured variations in attenuation in order to determine the corresponding changes in the concentration of tissue chromophores (Cope 1991) . Data are collected at a number of wavelengths that is equal to or exceeds the number of chromophores measured. An api-iori knowledge of the absorption coefficient of each chromophore at the relevant wavelengths is needed along with the change in attenuation measured across the tissue, the source-detector spacing and a 'differential pathlength factor' (DPF) . The sourcedetector spacing and DFT when multiplied together form the average propagation distance of the detected light through the tissue. As tissue is a high scatterer of light the value of the DFT is commonly three to six (Delpy et a1 1988 , van der Zee eta1 1990 , Essenpreis et a1 1993 . Its value has been determined through measurement of the mean time of flight (TOF) of a picosecond pulse of light travelling through the tissue. These measurements, requiring a mode locked laser and streak camera detector, are time consuming and the equipment largely laboratory based, which negates the possibility of measurements on patients at the bedside and in particular on newborn infants, although one TOF system capable of bedside operation has been reported (Benaron et a1 1993) . The difficulties of making these measurements mean that the DPF data published to date are generally from small populations (typically < IO) and in the case of neonates often post mortem (Ferrari et a1 1992 , van der Zee et a1 1992 , Wyatt et al 1990b .
In 1990 Lackowicz and Bemdt proposed a technique for optical pathlength measurements in the frequency domain. Here, intensity modulating the light source allows a measurement to be made not only of the attenuation, but also of the phase delay induced in the light that has travelled through the tissue. This phase shift is easily converted into the distance travelled by the light if the modulation frequency and tissue refractive index are known. Since the equipment needed to make these measurements is potentially compact, the ability to measure pathlength in real time at the bedside is now possible (Chance et al 1990 , Benaron et a1 1990a , Duncan et a1 1993 . In this paper we report on DPF measurements made with such an instrument at four different wavelengths and on four different tissues. These measurements have been made on large populations of normal adults and on newborn infants, enabling the statistics of variation in this parameter to be determined for the first time. 
A description of the instrwnent
The instrument used is based on an original design by Chance et al (1990) , which used a singlewavelength laser diode source (780 nm) at a fixed modulation frequency (220 MHz). A dual wavelen4 system was subsequently used to look at phase shifts during simple physiological manouvres (Weng et a1 1991) . The instrument we have developed is a fourwavelength, wideband intensity modulated optical spectrometer (1~0s). A full description of the instrument along with its operating characteristics has been published elsewhere (Duncan et al 1993) , so only a summary of the important features will be given. Figure 1 shows a schematic diagram of the spectrometer. Two phase locked frequency synthesizers are used to provide the laser modulation frequency along with a second modulation frequency offset from the first, typically by 10 kHz, to facilitate cross-correlation of later signals within the mixers. The pure offset frequency is obtained via one mixer as a reference for the dualphase lock in amplifier. The modulated laser light is delivered through a fibre optic cable to the tissue via an optode, which has a prism butted to the end of the fibres to allow 90" beam rotation in a small volume. A similar optode transmits the light exiting the tissue to a photomultiplier tube (PMT) . The PMT signal is amplified, the DC filtered off and the AC fed to the second mixer to produce an amplitude modulated signal at the offset frequency for the dual-phase lock in amplifier. Using an integrator card and a PC, the X and Y outputs of the lock in, along with the incident and detected light levels of the laser diodes, can be recorded. A counter c a d within the PC provides timing pulses, enabling each of the lasers to be turned on in sequence for 20 ms at 100 ms intervals, while signal processing produces values for attenuation (corrected for any background light), modulation depth and phase angle for each detected signal at 0.5 s intervals. These parameter values can be calculated, saved and displayed continuously for each laser. The laser wavelengths used in the instrument are 690 nm, 744 nm, 807 nm and 832 nm. The modulation frequency range is 1-500 MHz, but the measurements reported here were made at 200 MHz since it has been shown that at this frequency the optical pathlength derived from the phase will be equal to that derived from mean 'time of Right' measurements (Arridge et al 1992).
Measurement procedure
To measure the DPF, the IMOS was programmed to firstly measure phase shift (tan-'(YlX)) for a range of sensitivities of the photomultiplier tube (i.e. increasing the supply voltage from 0 to 2.5 kV) with the optodes held as close together as possible. Attenuators were placed between the optodes to avoid saturation of the PMT, and the increased pathlength arising from their finite thickness was removed in later calculations to provide reference data for zero pathlength. These results were stored in a reference file. Once the optodes were connected to the volunteer the sensitivity of the PMT was increased until light at all four wavelengths was detected, and then further increased until the PMT almost saturated. The high voltage was then reduced to hold the sensitivity at 80% of this range. Five seconds of data were then recorded. The average of this data was used to calculate the phase shift at each wavelength and then the stored reference phase shift at this sensitivity setting was subtracted to produce an absolute phase shift. Absolute pathlength, d, is determined from
where 4 is the absolute phase shift, c the speed of light, f the modulation frequency (fixed at 200 MHz for these measurements) and n = 1.4, the refractive index of tissue (Bolin et a1 1989). Care must be taken to ensure the phase shift lies between zero and 2?r or else the calculation will result in negative distances since the lock in amplifier can only measure phase between zero and 21r. The absolute pathlength and the equivalent DPF were displayed on the instrument screen at the four wavelengths and all the data saved to disk.
The population size for the adult measurements was 100, while 35 infants were studied.
All volunteers were healthy and all the infants had no known cerebral or cardiovascular abnormalities. The inter optode spacing was fixed at 4.5 cm for the forearm and leg measurements, and at 4.3 cm for the head measurements. This was achieved by mounting the optodes within a black rubber mould. The studies were approved by the local hospital committee on the ethics of human research and informed written consent was obtained from each adult subject or the parents of the infants studied. DPF measurements across the adult forearm were made on a population of 50 males and 50 females in the age range 21-59 (median 33) years. In each case the right forearm was placed in a U shaped rest with the back of the hand facing upwards. The optodes were held fixed longitudinally with respect to and under the forearm. The source optode was 13.5 cm from the wrist and the detector consequently 4.5 cm further towards the elbow. This position facilitated measurements being made away from any palpable bone. The forearm and optodes were then wrapped in black cloth to reduce background light before any measurements were made.
'
A population of 50 males and 50 females in the age range 21-59 (median 32) years was studied to obtain the DPF of the adult calf muscle. The right leg was used and the optodes placed longitudinally with respect to the leg. The leg was positioned so that measurements were made over the broadest part of the calf with the source optode closest to the ankle and the detector optode nearer the knee. The leg was in a straight but relaxed position on a flat surface with the optodes between the calf and the surface. A black cloth was wrapped around the optodes and the leg.
For the adult head DPF measurements, studies were performed on 50 males and 50 females in the age range 21-59 (median 33) years. In each case the optodes were placed on the left side of the forehead just below the hair line with the source optode towards the midline, but keeping clear of the sinuses which are thought to channel light away from the brain (Ferrari et al 1993, Hanis ef al 1994). A rubber mould holding the optodes was held in place by a strip of elastic bandage ('Coban', 3M Ltd) fastened fairly loosely around the head. Background light was reduced by placing a black cloth over the head. This flexible mounting for the optodes could lead to an uncertainty in the interoptode spacing due to variations in the radius of curvature of the head. This uncertainty was estimated to be no more than fl mm (i.e. 2%) which will show up in the SD of the DPF of this study.
The 35 newborn infants studied were all delivered at UCL Hospitals. There were 14 male and 21 female infants who ranged in age from 0 to 16 d (median 2 d), 1.80-4.48 kg in biahweight (median 3.24 kg) and 35-42 weeks in gestation (median 40 weeks). The infants were lying either held in their parents' arms or in a cot. The optodes were placed on the temporal frontal aspect of the head beneath the hairline with one on the left For all studies a single value of DPF was measured simultaneously at each wavelength.
The mean DPF f SD for each group was then calculated. Statistical analysis of male/female variation was performed using a Mann-Whitney U-test.
Results and discussion
The stability of the reference phase of the Nos was checked by performing one reference calibration followed by DPF measurements at 5 min intervals on a solid NIRS calibration phantom 5.4 cm thick made from a resin containing scattering and absorbing media (Firbank 1994) . Figure 2 shows Measurement repeatability as a measure of the physiological variability of pathlength with time was evaluated on one subject from a series of measurements on the arm of a volunteer (female, age 26 years). The arm was positioned in the rest as described above. Using one reference file, ten repeated measurements were made on the arm over a period of 5 min. (The arm was not moved between measurements to ensure the same positioning was obtained.) Results showed a standard deviation in phase shift and pathlength at the four wavelengths of 7.92 mad and 1.35 mm at 690 nm and 744 nm, 10.29 mad and 1.76 mm at 807 nm and 8.71 mad and 1.49 mm at 832 nm. The total maximum error on each optical pathlength measurement is thus estimated as 1.98 mm at 690 nm, 2.03 mm at wavelength. Compared to the optical pathlengths measured in these studies, this represents a worst case measurement error of 1.48%, which is negligible compared to the intersubject variability observed. 
001).
This is most probably due to the increased fat layer on the female arm. The standard deviation on the measurements is higher than recorded previously (9.2% at 800 nm (Essenpreis 1993 ) and 8.9% at 761 nm (van der Zee et al 1992)) and most likely demonstrates the subject to subject variation of bone/fat/muscle ratio and to a lesser extent blood volume in the arm. This study did not attempt to look for differences between the dominant and non-dominant forearm. 
Adult calf
The results are shown in table 2. The DPF is in general higher than that observed in the forearm. As seen in one previous study there is a statistically significant ( p < 0.001) difference in DPF between male and female (van der Zee et al 1992). The DPF variation between sexes is greater than observed in the smaller previous study, but can probably be again attributed to the fatlmuscle ratio being higher in females. The spectral dependence matched that observed for the forearms. The standard deviation of the DPF is slightly smaller for the leg than for the arm (18.2% against 19.4% at 690 MI and 17.8% against 19.8% at 832 MI). 
Adult head
The DPF values recorded for adult head, shown in table 3, are higher than those for adult f o r e m and calf. This result has been found in previous studies and is in agreement with theoretical predictions based on the absorption and scattering coefficients of the tissue 199Oa, b) . Values of 3.966.13 were obtained using smaller optode spacings of between 1.8 and 3.0 cm and a weak correlation of around 0.6 was indicated for DPF as a function of postconceptual age, weight and head circumference. No correlation of this nature was observed in our study (correlations of r = 0.12-0.21 for postconceptual age and r = 0.02-0.30 for weight). As table 5 demonstrates, skin colour has no effect on the DPF recorded. This is due to the melanin being concentrated at the skin surface where the light spends little time and its effect may simply be to increase the DC attenuation of the light by a small amount.
Conclusions
By using an intensity modulated optical spectrometer measuring in the frequency domain, we have been able to perform optical pathlength measurements at four wavelengths in a large population of adults and newborn infants. DPF measurements for the adult forearm, calf and head show no significant statistical variation from previous results obtained on small samples using the time of flight technique. Standard deviations are, however, higher, suggesting a larger subject to subject variation than previously seen. Differences between male and female DPFs are now apparent in both the forearm and calf. It may be interesting to look at DPF variations with age and exercise in large populations.
Measurements across the head of the newborn infant show that DPF does not vary between different sexes and with skin colour. The results in this study differ from previous data firstly in producing higher DPF values at each wavelength than in measurements made on premature infants postmortem and secondly in producing generally a smaller standard deviation of DPF with wavelen,@ than observed both in adult head studies and in other phase measurements on infants and children. The larger age range and variety of medical conditions of the subjects in the latter study (T3enaron er a1 199Oa) may be the cause of the larger variation observed and it may be interesting to consider larger studies of premature infants (< 30 weeks) and infants between 1 month and 16 years.
Overall this study has provided more accurate data on the DPF values, which should be used when applying the modified Beer-Lambert law to calculate changes in chromophore concentration from NIRS measurements. It has demonstrated an increased subject to subject variation in the adult population and a higher DPF value on female than on male limbs. A DPF value has been measured on the healthy full-term newborn that is higher than that previously measured on smaller groups of preterm infants, and this new DPF has a noticeably smaller subject to subject variation. No significant difference is observed in infants of different skin colours, gestations or birth weights.
